Observation of single top quark production in association with a Z boson
  in proton-proton collisions at $\sqrt{s} =$ 13 TeV by CMS Collaboration
EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)
CERN-EP-2018-328
2019/04/09
CMS-TOP-18-008
Observation of single top quark production in association
with a Z boson in proton-proton collisions at
√
s = 13 TeV
The CMS Collaboration∗
Abstract
The observation of single top quark production in association with a Z boson and
a quark (tZq) is reported. Events from proton-proton collisions at a center-of-mass
energy of 13 TeV containing three charged leptons (either electrons or muons) and at
least two jets are analyzed. The data were collected with the CMS detector in 2016
and 2017, and correspond to an integrated luminosity of 77.4 fb−1. The increased
integrated luminosity, a multivariate lepton identification, and a redesigned anal-
ysis strategy improve significantly the sensitivity of the analysis compared to pre-
vious searches for tZq production. The tZq signal is observed with a significance
well over five standard deviations. The measured tZq production cross section is
σ(pp → tZq → t`+`−q) = 111± 13 (stat) +11−9 (syst) fb, for dilepton invariant masses
above 30 GeV, in agreement with the standard model expectation.
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1The CERN LHC has delivered proton-proton (pp) collisions with an unprecedented luminosity
at a center-of-mass energy of 13 TeV over the last few years. The large number of high-energy
collisions recorded to date allows the probing of very rare standard model (SM) processes.
One such process is electroweak (EW) production of a single top quark in association with a
Z boson and a quark, pp → tZq (charge conjugation in the final state is implied throughout
this Letter). This process is sensitive to a multitude of SM interactions described via the WWZ
triple-gauge coupling, the ttZ and tbW couplings, and the bW → tZ scattering amplitude [1].
Because of unitary cancellations in SM tZq production, the tZq process might be affected by
modified interactions even when neither top quark pair production in association with the Z
boson (ttZ), nor inclusive single top quark production would be affected in a visible manner [2].
In addition, modified tZq production could indicate the presence of flavor changing neutral
currents [3–5]. These unique features, and the addition of complementary information to the
global constraints on modified top quark interactions, make the tZq production cross section
an important quantity to measure.
This Letter presents the observation of tZq production and its cross section measurement, using
the leptonic tZq decay channel in events with three charged leptons, either electrons or muons
(including a small contribution from sequential τ lepton decays), and at least two additional
jets, one of which is identified as originating from a b quark. The analysis is performed using pp
collision data at
√
s = 13 TeV collected with the CMS detector in 2016 and 2017, corresponding
to an integrated luminosity of 77.4 fb−1. Previous searches for tZq production by the ATLAS [6]
and CMS [7] Collaborations at 13 TeV, based on an integrated luminosity of approximately
36 fb−1, resulted in observed significances of 4.2 and 3.7 standard deviations, respectively, from
the background-only hypothesis. More than doubling the integrated luminosity by adding the
2017 data, and improvements to the lepton identification techniques and the analysis strategy,
significantly increase the sensitivity of the present analysis in comparison to previous searches.
The central feature of the CMS apparatus [8] is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Silicon pixel and strip trackers, a lead tungstate
crystal electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter,
each composed of a barrel and two endcap sections, reside within the solenoid. Forward
calorimeters extend the pseudorapidity (η) coverage provided by the barrel and endcap de-
tectors. Muons are detected in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. Events of interest are recorded with several trigger algorithms [9], requir-
ing the presence of one, two, or three electrons or muons, resulting in an efficiency of almost
100% for events passing the analysis selection.
Samples of Monte Carlo (MC) simulated events are used to determine the tZq signal acceptance
and to estimate the yields for most of the background processes. Separate MC samples, match-
ing the data taking conditions in 2016 and in 2017, are used. The tZq events are simulated with
the MADGRAPH5 aMC@NLO program [10, 11] at next-to-leading order (NLO) in perturbative
quantum chromodynamics (QCD). The MADGRAPH5 aMC@NLO generator is also used for the
simulation of the main background processes with at least one top quark (tHW, tHq, tWZ,
ttV, ttVV) or three gauge bosons (VVV), where V = W or Z, and H is the Higgs boson, either
at leading order (LO) or at NLO in QCD. The most important of these backgrounds, namely
ttW and ttZ, are simulated at NLO in QCD. Version 2.2.2 (2.4.2) of MADGRAPH5 aMC@NLO is
used for the simulation of 2016 (2017) collisions. Samples of diboson as well as ttH events are
produced at NLO precision, using the POWHEG v2 [12–16] generator.
The NNPDF3.0 [17] (NNPDF3.1 [18]) parton distribution function (PDF) sets [19] are used for
simulation of 2016 (2017) data, with the perturbative order in QCD matching that used in the
2sample generation. The simulation of parton showering, hadronization, and the underlying
event is performed with PYTHIA 8.212 (8.230) [20] for simulated samples matching 2016 (2017)
conditions, using the CUETP8M1 [21, 22] (CP5 [23]) underlying event tune. Double counting of
partons generated with MADGRAPH5 aMC@NLO and PYTHIA is eliminated using the FXFX [24]
(MLM [25]) matching scheme for the NLO (LO) samples.
The effects of additional pp collisions in the same or adjacent bunch crossings (pileup) are
taken into account by overlaying each simulated event with a number of inelastic collisions,
simulated with PYTHIA. The generated distribution of the number of events per bunch cross-
ing is matched to that observed in data. Simulated events include a full GEANT4-based [26]
simulation of the CMS detector and are reconstructed using the same software employed for
data.
The particle-flow (PF) algorithm [27] aims to reconstruct and identify each individual particle in
an event, with an optimized combination of information from the various elements of the CMS
detector, and determine the pp interaction primary vertex (PV) [7]. Reconstructed particles (PF
candidates) are classified as charged or neutral hadrons, photons, electrons, or muons.
The PF candidates are clustered into jets using the anti-kT clustering algorithm [28] with a
distance parameter of 0.4, implemented in the FASTJET package [29, 30]. Jets are required to
pass several quality criteria, designed to remove jet candidates that are likely to originate from
anomalous energy deposits in the calorimeters [31]. Jet energies are corrected for nonlinear-
ity and nonuniformity of the detector response using a combination of simulated samples and
pp collision data [32, 33]. Jets are retained for further analysis if they have a transverse mo-
mentum pT > 25 GeV, |η| < 5, and are separated by ∆R =
√
(∆η)2 + (∆φ)2 > 0.4 from any
identified leptons, where ∆η and ∆φ are the pseudorapidity and azimuthal angle differences,
respectively, between the directions of the jet and the lepton. High-|η| jets are included to ac-
count for forward jets produced by the quark in tZq events. Because of an increased level of
noise in the very forward ECAL region in 2017 data, the minimum pT threshold for jets in the
2.7 < |η| < 3.0 range was raised to 60 GeV for this data set and for the corresponding simulated
event samples.
Jets with |η| < 2.4 originating from the hadronization of b quarks are identified with the
DEEPCSV algorithm [34]. They are considered b tagged, and referred to as b jets, if they pass a
working point of this algorithm, which has a typical efficiency of 68% for correctly identifying
b quark jets, with a misidentification probability of 12 (1)% for c quark (light-flavor) jets.
The missing transverse momentum vector ~pmissT is defined as the negative vector pT sum of all
PF candidates in the event, taking into account the jet energy corrections [35]. Its magnitude is
referred to as pmissT .
Electron reconstruction is based on the combination of tracker and ECAL measurements [36].
Each electron candidate must fulfill several quality requirements on the ECAL shower shape
and have no more than one missing hit in the tracker. Muons are reconstructed by combining
information from the tracker, the muon spectrometers, and the calorimeters in a global fit [37].
Muon candidates must meet criteria on the geometric matching between the signals in different
subdetectors and the quality of the global fit. To be considered in the analysis, electron and
muon candidates must be consistent with coming from the PV and pass prerequisite selection
criteria on their relative isolation, defined as the scalar pT sum of all PF candidates inside a
cone around the lepton, divided by the lepton pT. The angular radius of the cone in (η, φ) space
is given by ∆R(pT(`)) = 10 GeV/min [max (pT(`), 50 GeV) , 200 GeV], thus taking into account
the increased particle collimation at high pT values [38]. The relative isolation for electrons and
3muons is required to be below 0.4.
The search crucially depends on efficiently distinguishing leptons originating from the decay of
EW bosons from both genuine leptons produced in hadron decays, and photon conversions or
jet constituents incorrectly reconstructed as leptons. The first category is referred to as prompt
leptons, while the last two are collectively labeled as nonprompt leptons. The reach of the
previous analysis of tZq production by CMS [7] was largely limited by the relative contribution
from the nonprompt-lepton background and by the uncertainty in its prediction. Taking this
into consideration, gradient boosted decision trees (BDTs) are set up to maximally discriminate
between prompt and nonprompt leptons. The BDTs exploit the properties of the jet closest
to the lepton in terms of ∆R, the relative isolation defined above, the relative isolation inside a
fixed cone size of ∆R = 0.3, the impact parameters of the leptons with respect to the PV, and the
lepton pT and |η|. Additionally, the BDTs have access to variables related to the ECAL shower
shape of electrons and the geometric matching between the silicon tracker and muon system
measurements of muons. The BDT discriminants are trained using the TMVA package [39]. As
a cross-check, fully connected feed-forward neural networks are trained using KERAS [40] with
TENSORFLOW [41] as backend, which lead to nearly identical performance.
A stringent requirement is placed on the BDT output, resulting in a selection efficiency of
85 (92)% per prompt electron (muon) with pT > 25 GeV passing the prerequisite selection crite-
ria, as measured in simulated tZq events. The corresponding misidentification probability for
simulated nonprompt leptons from tt events is about 1.5%. Compared to the non-BDT-based
lepton identification used in the previous analysis [7], the selection efficiency for prompt elec-
trons (muons) improves by up to 12 (8)%, while rejecting more nonprompt leptons by a factor
of approximately 2 (8) in simulated events.
The analysis uses two definitions for the lepton selection. Leptons that pass the aforementioned
BDT selection criteria are referred to as “tight leptons”. “Loose leptons” are the combined set of
tight leptons and leptons that pass, on top of the prerequisite ones, loose selection criteria based
on the attributes of the closest jet, and in the case of electrons, on a multivariate discriminant
based on the ECAL shower shape [36]. The loose selection is optimized to provide a reliable
prediction of the nonprompt-lepton background, as explained below.
To be considered in the analysis, events must contain exactly three loose leptons, two of which
form a pair of opposite sign and same flavor (OSSF) with an invariant mass within a window
of 30 GeV width centered on the world-average Z boson mass [42]. All three selected leptons
must pass the tight selection requirements in order for the event to enter the final selection.
Events in which at least one of the leptons fails to pass the tight criteria are used to estimate
the nonprompt-lepton background. The three leptons, ordered from highest to lowest pT, are
required to have pT values greater than 25, 15, and 10 GeV, respectively.
Events are divided into three categories, collectively referred to as signal regions (SRs), based
on the number of jets they contain. Events with a total of two or three jets, exactly one of which
is b tagged, make up SR-2/3j-1b, which contains most tZq events. Events with four or more
jets, exactly one of which is b tagged, form SR-4j-1b, while SR-2b contains events with two or
more b-tagged jets. Events without b-tagged jets, or with one b-tagged jet and no additional
jets, have a very low signal-to-background ratio and are rejected.
In each of these categories, a dedicated BDT is trained to extract the tZq signal from the total
background on several discriminating variables, using the TMVA package. Half of the simu-
lated signal and background events are randomly selected and used for training, while the rest
are used for testing. The most significant difference between the tZq signal and background
4events is the tendency of the tZq events to have a forward jet. Simulated signal events show
that at least one jet has a high |η| value and produces a large dijet invariant mass when com-
bined with another jet in the event. The b-tagged jet yielding the invariant mass closest to the
top quark mass [42], when combined with the ~pmissT and the lepton (`W) not forming the Z bo-
son candidate, is considered as originating from the top quark decay. The remaining jet with
the highest pT in the event, typically found in the forward region of the detector, is labeled the
“recoiling jet”.
The following variables are used to construct the BDT discriminants: the |η| of the recoiling jet,
the maximum dijet invariant mass among all pairs of jets in the event, the sums of leptonic and
hadronic transverse momenta in the event, the transverse mass of the combination of ~pT
`W and
~pmissT (
√
2p`WT p
miss
T {1− cos[∆φ(~pT`W ,~pmissT )]}), the |η| of `W multiplied by its charge, the highest
DEEPCSV discriminant value among all jets in the event, the maximum azimuthal separation
between any two of the leptons, and the minimum ∆R separation between any lepton and
b-tagged jet. For events in SR-2/3j-1b, the maximum pT of any dijet system is used as an
additional input variable, while for SR-4j-1b and SR-2b, the invariant mass of the three-lepton
system and the |η| of the most forward jet are included to improve the BDT performance. In
addition, for SR-4j-1b, the ∆R separation between `W and the b-tagged jet, and between this
jet and the recoiling jet are added as BDT inputs. The modeling of each BDT input variable in
simulation was validated in data. The tZq cross section measurement and signal significance
are obtained from a binned maximum-likelihood fit to the distributions of the resulting BDT
discriminants.
The background contributions to the three SRs are divided into two groups: those that have
three or more prompt leptons, and those containing at least one nonprompt lepton. The con-
tribution from the former group is estimated from simulation, while the contribution from the
latter is predicted directly from data.
The largest background in SR-2/3j-1b comes from WZ production. It is estimated from sim-
ulation and its normalization is measured in a control data sample enriched in WZ events.
The control sample consists of events passing the same selection as the SR events, but with no
requirements on the number of jets and with an explicit veto on events with a b-tagged jet.
Additionally, pmissT > 50 GeV is required. A prior uncertainty of 10% is assumed in the WZ nor-
malization, and an additional extrapolation uncertainty of 8% is assigned to WZ events with
one or more b jets. The latter uncertainty is based on dedicated studies in data events enriched
in Z bosons accompanied by the gluon splitting process yielding a pair of b jets.
The ttZ process has a large branching fraction to three prompt leptons and is the dominant
background in SR-4j-1b and SR-2b. The contribution from ttZ events is estimated from simu-
lation, and its shape and normalization are further constrained in the final fit via the bins at
low BDT values, whose contents are dominated by ttZ events. A prior uncertainty of 15% is
assigned to the ttZ normalization.
Other processes involving a top quark pair or a single top quark produced in association with
additional particles (ttX / tX) also contribute to the background. These contributions are esti-
mated using simulation and mainly come from ttH, ttW, and tWZ production. These processes
are normalized to their predicted cross sections, accounting for theoretical uncertainties.
Events with four or more prompt leptons enter the selection if at least one of the leptons fails to
be identified. This background consists mainly of ZZ and ttZ events, and is largely reduced by
applying a veto on the presence of a loose fourth lepton. The ZZ background normalization is
constrained via a control data sample of four-lepton events, in which there are two OSSF pairs
5with invariant masses close to that of the Z boson. A prior uncertainty of 10% is assumed in
the normalization of ZZ.
Internal and external conversions of photons could result in additional leptons in an event.
This typically occurs through an asymmetric conversion, in which one of the leptons coming
from the conversion has very low pT and fails to be reconstructed. This background (Xγ(∗),
where X stands for any combination of massive EW bosons or top quarks), dominated by ttγ(∗)
and Zγ(∗) events, is obtained from simulation. A control data sample of three-lepton events is
enriched in Zγ(∗) events by requiring the invariant mass of the three-lepton system to be within
a 30 GeV window centered at the nominal Z boson mass, while no lepton pair is allowed to have
an invariant mass within this window. This control sample is used to validate the simulation
of conversions, and the data and simulation were found to agree within the uncertainties.
The final background contribution with three prompt leptons comes from rare processes in-
volving multiple massive EW bosons. Such processes have very small cross sections and
branching fractions to multiple leptons, so their contribution is minimal. This background is
estimated using simulation scaled to the respective predicted cross sections, taking into account
theoretical uncertainties.
Events with nonprompt leptons that enter the SRs mainly consist of tt and Drell–Yan events
with an additional nonprompt lepton. Their contribution is estimated directly from data using
the “tight-to-loose” ratio method, as described in Ref. [38]. The probability for a loose non-
prompt lepton to pass the tight selection requirements is measured as a function of its pT and
|η| in a control data sample of QCD multijet events, rich in nonprompt leptons. The measured
probability is then applied to data events in which one or more leptons fail the tight selection,
while passing the loose selection. The method is validated in both simulation and control data
samples enriched in tt and Drell–Yan events. The agreement between the predicted and ob-
served yields is found to be within 30% in the most relevant kinematic distributions, and an
uncertainty of 30% is therefore assigned to the prediction of this background. Owing to the
high performance of the BDT-based lepton selection used in the analysis, the contribution of
this background is small compared to that with three prompt leptons.
A number of sources of experimental uncertainty affect each of the simulated samples. These
sources include pileup modeling, jet energy scale, b tagging, trigger and lepton identification
efficiencies, pmissT resolution, and the integrated luminosity. Theoretical uncertainties in the
fixed-order cross section calculations used to normalize the simulated samples are an addi-
tional source of systematic uncertainty. The effects of each of these sources, except the ones
associated with the integrated luminosity and trigger efficiency, vary across the BDT distribu-
tion.
The uncertainty in the simulated distribution of the number of events per bunch crossing is
estimated by varying the total pp inelastic cross section by ±4.6% [43]. This causes variations
in the simulated event yields of 0.7–5.0% across the BDT bins. The integrated luminosity, used
to normalize the simulated event yields, is measured with a precision of 2.5 (2.3)% in the data
collected in 2016 [44] (2017 [45]).
The uncertainty from the jet energy scale is estimated by varying the scale up and down within
its uncertainty for all jets in the event [33]. The effect of this variation is propagated through
all steps of the analysis. The resulting variations across the BDT bins range from 1.5–15% (1.8–
38%) in 2016 (2017) data. Corrections applied to account for the differences between data and
simulation in the b tagging efficiency and misidentification rate lead to an uncertainty of 0.1–
4.4% in the simulated event yields per bin.
6The trigger efficiency is measured by selecting events with three leptons in an unbiased data
sample, triggered on the pmissT or hadronic activity in the event. Statistical uncertainties in this
measurement lead to a 2% uncertainty in the trigger efficiency. The lepton identification effi-
ciencies are measured in data using the “tag-and-probe” technique [36, 37], and corresponding
corrections are applied to simulation. For muons the efficiency corrections are typically around
1%, and go up to 5% in the forward region. For electrons the typical efficiency corrections
are 5%, and are as high as 20% for forward, low-pT electrons. Uncertainties in the efficiency
measurements lead to a total uncertainty of 2.5–4.9% in the simulated event yields per BDT
bin.
Uncertainties from the choice of the renormalization and factorization scales used in simulation
are assessed by simultaneously varying these scales up and down by a factor of two, resulting
in uncertainties of 0.8–9.6% in the simulated yields per BDT bin. The limited knowledge of the
proton PDFs is taken into account using a set of NNPDF3.0 (NNPDF3.1) replicas [46] in the
simulation of 2016 (2017) collisions and leads to uncertainties of 0.04–1.4%. These theoretical
uncertainties are taken into account for all simulated samples, and cause changes in both the
predicted cross section and the detector acceptance for simulated events, which are treated
independently. For WZ, ttZ, ZZ, and tZq production, theoretical uncertainties in the cross
section are not taken into consideration, and prior nuisance parameters are assigned to their
normalizations that are constrained by data. For all other processes, such as ttW, ttH, tWZ,
and triple gauge boson production, theoretical uncertainties in the predicted cross sections are
included. Similarly, the uncertainty in the parton shower simulation is estimated by varying
the renormalization scales for both initial- and final-state radiation up and down by a factor of
2 [21]. This source of uncertainty is only considered for simulated tZq and ttZ processes and
ranges from 0.1–6.5% (0.3–7.3%) across the BDT bins for the description of initial-(final-)state
radiation.
A simultaneous binned maximum-likelihood fit to the BDT distributions, and to the event
yields in the WZ and ZZ control regions, is performed to measure the tZq signal strength.
The best fit value of the signal strength and the 68% confidence interval are extracted follow-
ing the procedure described in Section 3.2 of Ref. [47]. All sources of systematic uncertainties
are taken into account as nuisance parameters in the fit. The appropriate correlation pattern
of the nuisance parameters between the 2016 and 2017 data sets is taken into account; the nui-
sance parameters associated with the integrated luminosity, b tagging, trigger efficiency, and
jet energy scale modeling are considered to be fully uncorrelated between the two data taking
periods, while all others are considered to be fully correlated.
The observed (expected) statistical significance of the signal is determined using the asymptotic
approximation of the distribution of the profile likelihood test statistic [48, 49] and found to be
8.2 (7.7) standard deviations from the background-only hypothesis. The analyses based on the
2016 and 2017 data sets result in observed (expected) signal significances of 7.2 (5.7) and 5.4
(6.0) standard deviations, respectively. The tZq cross section is measured to be
σ(pp→ tZq→ t`+`−q) = 111± 13 (stat) +11−9 (syst) fb, (1)
where ` refers to an electron, muon, or τ lepton, for invariant masses of the dilepton pair larger
than 30 GeV. The theoretical cross section in the same fiducial volume is σSM(pp → tZq →
t`+`−q) = 94.2± 3.1 fb, which is computed at NLO in perturbative QCD using the NNPDF3.0
PDF set in the five-flavor scheme [7]. The measured signal strength is
µ =
σ(pp→ tZq→ t`+`−q)
σSM(pp→ tZq→ t`+`−q) = 1.18
+0.14
−0.13 (stat)
+0.11
−0.10 (syst)
+0.04
−0.04 (theo), (2)
7consistent with the SM expectation. The quoted theoretical uncertainty stems from the un-
certainty in σSM(pp → tZq → t`+`−q). The signal strengths measured separately in the
2016 and 2017 data sets are found to be consistent with the combined measurement, and are
1.36 +0.22−0.20 (stat)
+0.14
−0.12 (syst)
+0.04
−0.04 (theo) and 1.03
+0.18
−0.17 (stat)
+0.14
−0.12 (syst)
+0.03
−0.03 (theo), respectively. The
systematic uncertainties with the largest contribution to the final measurement are those asso-
ciated with the nonprompt-lepton background prediction, the lepton selection efficiency, the
modeling of final-state radiation, and the jet energy scale. The uncertainty in the jet energy scale
is constrained by the fit to be approximately twice smaller than its input value, while the other
aforementioned uncertainties are not significantly constrained. A table showing the impact of
the most important uncertainty sources on the measurement is presented in Appendix A.
The observed and expected BDT distributions in each of the SRs are shown in Fig. 1. A table
with the observed and expected event yields in the SRs and the control regions, and the distri-
butions in SR-2/3j-1b of the maximum dijet mass among all pairs of jets in the event, the |η|
of the recoiling jet, and the reconstructed Z boson pT in events with a BDT discriminant value
greater than 0.5 can be found in Appendix A. The first two observables are the most discrimi-
nant input variables to the BDTs used for signal extraction, while the last one is highly sensitive
to the presence of new physics phenomena. The distribution of the number of jets in the event
in the WZ and ZZ control regions can also be found in Appendix A.
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Figure 1: Observed (points) and post-fit expected (shaded histograms) BDT distributions for
events in SR-2/3j-1b (left), SR-4j-1b (middle), and SR-2b (right). The vertical bars on the points
represent the statistical uncertainties in data. The hatched regions show the total uncertainties
in the background. The lower panels display the ratio of the observed data to the predictions,
including the tZq signal, with inner and outer shaded bands, respectively, representing the
statistical and total uncertainties in the predictions.
In summary, we have reported the observation of single top quark production in association
with a Z boson and a quark, tZq, using the leptonic tZq decay mode. The tZq signal is observed
with a significance of well over five standard deviations. The tZq production cross section is
measured to be σ(pp → tZq → t`+`−q) = 111 ± 13 (stat) +11−9 (syst) fb, where ` refers to an
electron, muon, or τ lepton, for dilepton invariant masses in excess of 30 GeV, in agreement
with the standard model prediction.
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A Supplemental information
Table A.1: Post-fit expected background and tZq signal event yields with their total uncertain-
ties, and observed number of events in data in each of the signal regions.
Source 2–3 jets, 1 b-tagged ≥ 4 jets, 1 b-tagged ≥ 2 b jets WZ enriched ZZ enriched
SR-2/3j-1b SR-4j-1b SR-2b
Exp. background 357± 34 278± 32 228± 25 6308± 478 847± 69
Exp. tZq 103± 5.1 38± 5.3 37± 1.8 67± 2.8 0.01± 0.004
Total exp. 460± 37 316± 35 265± 25 6375± 478 847± 69
Observed 475 310 278 6373 852
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Figure A.1: Observed (points) and post-fit expected distributions (shaded histograms) in SR-
2/3j-1b events for the two most discriminating variables used in the BDT discriminant, the
maximum dijet invariant mass among all pairs of jets in the event (left), and the |η| of the re-
coiling jet (middle). The right plot shows the pT of the Z boson, reconstructed from its leptonic
decay products, for events with BDT discriminant values in excess of 0.5 in SR-2/3j-1b. This
observable is highly sensitive to the presence of new physics phenomena. The vertical bars
on the points give the statistical uncertainty in data, and the hatched regions display the total
uncertainty in the prediction. The lower panels display the ratio of the observed data to the
predictions, including the tZq signal, with inner and outer shaded bands, respectively, repre-
senting the statistical and total uncertainties in the predictions.
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Figure A.2: Observed (points) and pre-fit expected distributions (shaded histograms) of the
number of jets in the event for the WZ (left), and ZZ (right) control regions. The vertical bars
on the points give the statistical uncertainty in data, and the hatched regions display the total
uncertainty in the prediction. The lower panels display the ratio of the observed data to the
predictions, including the tZq signal, with inner and outer shaded bands, respectively, repre-
senting the statistical and total uncertainties in the predictions.
Table A.2: Average impact on the measured tZq signal strength for major sources of systematic
uncertainty. The impact of a particular nuisance parameter on the signal strength is computed
by shifting the nuisance parameter by one standard deviation up and down from its post-fit
value and recomputing the signal strength. All other nuisances are profiled as in the nominal
fit when doing this computation.
Uncertainty Impact (%)
Experimental
lepton selection 3.2
trigger efficiency 1.4
jet energy scale 3.3
b-tagging efficiency 1.7
nonprompt normalization 4.1
ttZ normalization 1.0
luminosity 1.7
pileup 1.9
other 1.3
Theoretical
final-state radiation 2.0
tZq QCD scale 2.0
ttZ QCD scale 1.4
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